INTRODUCTION
The boundary between ground water with a dissolved-solids concentration greater than 10,000 mg/L (milligrams per liter) and ground water with a dissolved-solids concentration less than 10,000 mg/L in the Silurian and Devonian carbonate-rock aquifer in southwestern and northern Indiana has been used to establish one boundary for the Midwestern Basins and Arches regional ground-water-flow system. This boundary defines an internal "limit" for the Silurian and Devonian carbonate aquifers in Indiana where the mathematical simulation of ground-water flow must account for differences in fluid density. Additionally, a dissolved-solids concentration of 10,000 mg/L is a maximum limit for potential potability as recommended by the U.S. Environmental Protection Agency (1984) . The boundary also has implications for the petroleum industry in deep parts of the Illinois Basin because the migration of hydrocarbons may be related to the presence and flow of connate saline water.
In 1988, the Midwestern Basins and Arches Regional Aquifer-System Analysis was initiated as part of the U.S. Geological Survey's Regional AquferSystems Analysis (RASA) program (Sun, 1984) . The objectives of the Midwestern Basins and Arches RASA project were to define the geology, hydrology, and geochemistry of the regional ground-water-flow system in the surficial and the Silurian and Devonian carbonate-rock aquifers (Bugliosi, 1990) . The Silurian and Devonian carbonate-rock aquifer in southwestern Indiana Geological Survey, Bloomington, Ind.
and northern Indiana has no distinct hydrogeologic boundary; therefore, the 10,000-mg/L dissolved-solids boundary defines one physical boundary condition that can be applied in ground-water-flow modeling.
Purpose and Scope
This report presents dissolved-solids data and identifies the approximate location of the 10,000-mg/L dissolved-solids boundary in the Silurian and Devonian carbonate-rock aquifer in southwestern and northern Indiana. This boundary is a three-dimensional transition zone between areas within the Silurian and Devonian carbonate-rock aquifer where ground water is likely to have a dissolved-solids concentration of either less than or greater than 10,000 mg/L. The 10,000-mg/L dissolved-solids boundary is mapped as a line for presentation purposes; however, the boundary is actually a diffuse zone where the dissolved-solids concentration changes from less than to greater than 10,000 mg/L. Rupp and Pennington (1987) show a generalized map for several deep aquifers containing the 10,000-mg/L dissolvedsolids boundary across Indiana. Their study noted a fair correlation between regional structure and the position of the 10,000-mg/L dissolved-solids boundary within stratigraphic units.
The application of dissolved-solids concentrations to define the boundary between fresher water (dissolved-solids concentration less than 10,000 mg/L) and more saline water (dissolved-solids concentration greater than 10,000 mg/L) was used where the hydrologic boundaries in the Silurian and Devonian carbonate-rock aquifer were not distinct, such as on the lateral margins of the structural basins ( fig. 1 ). Dissolved-solids concentrations were computed from geophysical information for areas where water-quality data were insufficient. Water wells in these areas are rarely drilled into the Silurian and Devonian carbonate-rock aquifer because potable ground water is more easily obtained from the overlying surficial aquifers or from overlying bedrock aquifers of Pennsylvanian and Mississippian age. Consequently, water-quality analyses for the carbonate-rock aquifer are scant in these areas of Indiana. Borehole-geophysical logs from oil and gas wells drilled in the study area were used to calculate dissolved-solids concentrations based on methods developed primarily by the petroleum industry.
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INTERPRETIVE BOREHOLE GEOPHYSICAL METHODS
The petroleum industry has developed methods to calculate the electrical resistivity of formation water, R^ from geophysical logs (Asquith and Gibson, 1983) . Three geophysical methods resistivity-porosity, static-spontaneous-potential, and mud-filtrate resistivity (also called the "quick-look" method in the petroleum industry) were used to calculate Rw's for the Silurian and Devonian carbonate-rock aquifer in Indiana where water-quality data were insufficient. Each geophysical method yields Rw's from which dissolved-solids concentrations can be extrapolated. The calculated Rw is a function of the concentration of dissolved ions, the ion species, and the formation temperature.
The estimate of dissolved-solids concentration is extrapolated from Rw on the basis of nomographs and is reported as a sodium chloride equivalent. All dissolved-solids concentrations calculated by application of geophysical methods are based on a sodium chloride equivalent. Chemical analyses of ground water from deep wells in Indiana indicate that the dominant ions in water with dissolved-solids concentrations of about 10,000 mg/L are sodium and chloride. Because sodium and chloride are the dominant ions, the effects of other ions are minor, particularly at dissolved-solids concentrations of 10,000 mg/L and greater. Other ions, such as sulfate and bicarbonate, can be more important in waters in Indiana that are not dominated by sodium and chloride, particularly at dissolved-solids concentrations of 2,000 mg/L or less. Typically, sodium-chloride-equivalent dissolved-solids concentrations were only 1 to 2 percent less than the actual sodium chloride dissolved-solids concentrations for the Devonian ground water examined in this study, this minimal difference indicating that sodium and chloride are the dominant ions. Geosciences Research Associates, Inc., and the Department of Geosciences, Purdue University (1984) , also concluded that sodium and chloride are the dominant ions in ground water in southwestern Indiana with dissolvedsolids concentrations near 10,000 mg/L and greater.
An additional assumption in calculating Rw from geophysical logs is the formation temperature (Tf). All calculated values of Rw are made at a specific temperature and are converted to dissolved-solids concentration on the basis of nomographs (Schlumberger Well Services2, 1986, p. 5) . The natural geothermal gradient in Indiana increases with depth in a borehole. Formation temperature can be estimated from the bottom-of-hole temperatures listed on log headers and by assuming a linear increase in temperature with depth. A shallow (10-foot (3-meter) deep) ambient subsurface temperature of 55° Fahrenheit (12.8° Celsius) was used as the temperature for the top of each borehole.
Dissolved-solids concentrations were calculated by use of each of the three geophysical methods for 13 data sets. Results were compared by regression analysis to water-quality data from the same well or a nearby well producing from a similar geologic unit (Schnoebelen and others, 1995) . In general, the resistivity-porosity method produced dissolved-solids concentrations that most closely matched measured concentrations. Therefore, dissolved-solids concentrations calculated with the resistivity-porosity method were used most often to delineate the 10,000-mg/L dissolved-solids boundary. The static-spontaneouspotential (SSP) method was applied in a few cases where modern (post-1970) porosity logs that are necessary for the resistivity-porosity method were not available. Dissolved-solids concentrations calculated based on the mud-filtrate resistivity method did not match water-quality data closely and were not used in determining the 10,000-mg/L dissolved-solids boundary. Schnoebelen and others (1995) has a detailed description of the methodology and statistical analysis of the geophysical methods used to define the 10,000-mg/L dissolved-solids boundary.
Criteria for Data Selection
Certain criteria were used for selecting specific intervals on geophysical logs to derive data for the calculation of Rw. Typically, a 10-foot (3-meter) interval from the geophysical log was chosen; porosity was to be greater than 8 percent, and no shale content was evident from the log. Some zones with indicated porosities of 5 to 8 percent were used if they were the only data available in the area. Additional criteria were that (1) the borehole annulus had to be uniform in size, (2) zones of interest had to be permeable, and (3) aquifers had to be water saturated (no oil and gas). The mud-filtrate resistivity value, Rmf, from the log header was used; otherwise, Rmf was calculated from the resistivity of the mud, Rm. Geophysical methods used and the inherent assumptions for each method are described in detail by Jorgensen (1989 ), Schlumberger Well Services (1989 ), and Asquith and Gibson (1983 .
Resistivity-Porosity Method
The resistivity-porosity method was applied most often when modern (post-1970) porosity logs were available. In this method the following equations are used*to calculate resistivity as and
where Rw is the resistivity of the formation water at formation temperature, in ohm-meters; Rt is true resistivity (deep) of the formation, in ohm meters, measured beyond the effect of mud-filtrate invasion of the formation;
F is the formation factor; a is an empirically derived tortuosity coefficient; (|) is porosity; and m is an empirically derived cementation exponent. An average porosity was usually derived from a crossplot of density and neutron porosity (Schlumberger Well Services, 1989, p. 26-33) . The tortuosity coefficient is assumed to be 1.0 for carbonates and in this study. A cementation exponent (m) of 2.0 is commonly assumed for carbonates (Schlumberger Well Services 1989, p. 8.1) . A value of 2.0 was used in this study and confirmed in core analysis (Schnoebelen and others, 1995) .
Static-Spontaneous-Potential Method
In the SSP method, data from the spontaneouspotential (SP) log are used. The equation used to calculate resistivity is
where Rwe is equivalent formation water resistivity at the formation temperature, in ohmmeters;
R-mfe ig equivalent mud-filtrate resistivity at the formation temperature, in ohm-meters; ssp is the deflection (signed + or -), in millivolts, from a referenced shale baseline; and k is a constant approximated by 61 + 0.133<Tf\ Rmfe is calculated from the resistivity of the mud filtrate, Rmf (Schlumberger Well Services, 1989, p. 4.2) , Rw is calculated from Rwe (Schlumberger Well Services, 1986, p. 3) , and Tf is the formation temperature, in degrees Fahrenheit. The shale baseline picked for this method was from geophysical logs that represented the Upper Devonian shale section. The selection of this line is somewhat arbitrary and can have a large effect on dissolved-solids concentrations calculated on the basis of the SSP method.
Mud-Filtrate-Resistivity Method
The mud-filtrate-resistivity method (commonly called the "quick-look method" in the petroleum industry) was found to give the least accurate results when compared with known dissolved-solids concentrations; thus, it was not used to define any dissolved-solids concentrations for the purpose of delineating the 10,000-mg/L dissolved-solids boundary.
The equation used for this method is where
Rw is the resistivity of the formation water at formation temperature, in ohm-meters; Rmf is resistivity of the mud filtrate at formation temperature, in ohm-meters; Rt is the resistivity of water-saturated formation, in ohm-meters; and Rxo is the resistivity of the flushed zone directly near the borehole, in ohm-meters. This method was not considered to work well because Rxo and Rt values were often similar. This similarity can occur if the driller uses a freshwaterbased drilling mud (which is common in southern Indiana) and if the invasion of drilling mud into the formation is deep and a shallow flushed zone does not develop nearest the borehole.
THE 10,000-MILLIGRAM-PER-LITER DISSOLVED-SOLIDS BOUNDARY
The position of the 10,000-mg/L dissolved-solids boundary ( fig. 2 ) was interpolated from available water-quality data and dissolved-solids concentrations that were calculated by either the resistivityporosity or the static-spontaneous-potential geophysical methods. Data used to evaluate the position of the 10,000-mg/L dissolved-solids boundary are listed in table 1 (at back of pamplet). In northern Indiana, the boundary is somewhat coincident with the contact between the Traverse Formation and the Antrim Shale within the Devonian carbonate bedrock ( fig. 3 ). In the western and southern parts of Indiana, the 10,000-mg/L dissolved-solids boundary is west of the contact between the Muscatatuck Group limestone and the New Albany shale units within the upper part of the Devonian carbonate bedrock and extends downdip into the Illinois structural basin. The 10,000-mg/L dissolved-solids boundary lies predominantly within the upper part of the Devonian carbonate strata of the Silurian and Devonian carbonate-rock aquifer but was also calculated within Silurian units where data was available (for example, site numbers 105, 107, 108, 133, and 142 in fig. 2 and table 1) .
Anomalous areas were found in the southwestem part of Indiana (Martin, Daviess, Lawrence, and Dubois Counties). The anomalously high dissolvedsolids concentrations in ground water in Devonian bedrock from some wells in Lawrence and Martin Counties (sites 141 and 103) may be from trapped connate water that is more saline or that has not been flushed by Pleistocene meltwater or more recent recharge. Higher dissolved-solids concentrations in the Devonian carbonate-rock aquifer may represent older ground water trapped in isolated "pockets" within the relatively low-permeability bedrock of Devonian age. The range of different porosities and permeabilities in the Devonian carbonates that could lead to poor vertical communication between zones of similar porosity is discussed by Noel (1979, p. 22 23) for the Plummer field, Greene County, Indiana. The Silurian section is also known to display complex porosities and permeabilities. Strontium isotope work by Stueber and others (1987) in the Silurian reservoir at the Tilden field in the Illinois Basin indicate that wells may be tapping zones of porosity that have been isolated for a considerable period of time. Clearly, the complex nature of the hydraulic properties of Devonian and Silurian carbonates affects the distribution of fluids for the Plummer and Tilden fields, and similar conditions are probably present elsewhere in the study area. The more porous and permeable sections of Devonian and Silurian carbonate bedrock may reflect increased flushing by fresher water, whereas the isolated "pockets" were not affected.
Lower dissolved-solids concentrations were calculated for the Silurian section from borehole geophysical logs in Martin, Daviess, Lawrence, and Dubois Counties (site numbers 105, 107, 108, 133, and 142) than in water from boreholes in the overlying Devonian carbonates. Two hypotheses may explain the occurrence of denser saline water (more than 10,000 mg/L dissolved solids) above less dense, less saline water (less than 10,000 mg/L dissolved solids). The first hypothesis is that Silurian carbonate bedrock generally has a greater porosity than rock of Devonian age in this area; therefore, movement of Pleistocene or recent ground water may have preferentially moved into the Silurian bedrock. Similarly, Rupp and Pennington (1987) indicate that variable horizontal permeabilities within the carbonate-rock aquifer may affect the preferential movement of fresher water laterally and downdip beneath Devonian carbonates into the underlying Silurian carbonates in southwestern Indiana.
The second hypothesis is that bedding displacements produced by movement of the Mt. Carmel Fault ( fig. 2 ) may have contributed to anomalous (lower) dissolved-solids concentrations than expected near the fault area. The fault area may provide preferential paths for the mixing of saline water with freshwater.
Geochemical and isotope work by Stueber and Walter (1993) in the Illinois Basin indicate that the salinities of the Silurian-Devonian waters are the result of mixing with remnant evaporated seawater and meteoric water. They discuss that the original marine waters have not been completely expelled and replaced by meteoric water. Geochemistry and isotope work for Upper Devonian carbonates in the Michigan Basin (Wilson and Long, 1993) also indicates that Devonian brines are a mixture of seawater brine diluted with meteoric-derived water. They show that dilution from meteoric water predominantly occurred along the basin margin. A mixture of more saline and meteoric water in the Indiana Devonian-Silurian section would be possible, resulting in anomalous areas related to the depositional and ground-water flow history and the local variability in porosities/permeabilities. Clearly, more research using geochemistry and isotopes is needed in these anomalous areas to explain the flow of saline Silurian-Devonian water into the Illinois and Michigan Basins.
SUMMARY AND CONCLUSIONS
The 10,000-mg/L dissolved-solids boundary in the Silurian and Devonian carbonate-rock aquifer in southwestern and northern Indiana defines a limit where the mathematical simulation of ground-water flow may need to account for differences in fluid density. This boundary also defines a maximum limit for potentially potable water as recommended by the U.S. Environmental Protection Agency (1984) . Defining the boundary would also be important for the petroleum industry in deeper parts of the Illinois Basin because the migration of hydrocarbons may be related to the presence and flow of connate saline water.
Estimated dissolved-solids concentrations calculated on the basis of three borehole geophysical methods (resistivity porosity, static spontaneous potential, and mud filtrate resistivity) were evaluated. Water-quality data and dissolved-solids concentrations calculated on the basis of two borehole-geophysical methods (resistivity porosity and static spontaneous potential) were then used to establish dissolved-soiids concentrations of ground water at selected sites. The mud-filtrate-resistivity method was not used to define the 10,000 mg/L boundary. The mud-filtrate-resistivity method did not work well and appears limited because of the low contrast between the resistivity of the drilling mud and pore fluid in the study area. This can be caused by deep invasion of the drilling mud and (or) by use of freshwater-based drilling muds, which are often similar to pore fluid in ionic content.
A line representing the 10,000-mg/L dissolvedsolids boundary in the northern part of Indiana is north of the contact between Devonian limestone and shale units and south and west of this contact in southern and western Indiana. In general, the formation water in the carbonate-bedrock aquifer becomes more saline downdip, and northward into the Michigan Basin in northern Indiana and southwestward into the Illinois Basin in southwestern Indiana.
The dissolved-solids concentration of ground water normally increases with depth from land surface. However, dissolved-solids concentrations of ground water from some of the boreholes in Devonian strata in Martin, Daviess, Lawrence, and Dubois Counties were higher than dissolved-solids concentrations of ground water in the underlying Silurian bedrock. The higher dissolved-solids concentrations in aquifers that are stratigraphically above aquifers with lower dissolved-solids concentrations may represent older water in isolated "pockets" of the bedrock of Devonian age positioned above Silurian strata that have been significantly diluted by Pleistocene-age or recent ground-water recharge.
The anomalously high dissolved-solids concentrations in ground water in Devonian bedrock from some boreholes in Martin and Lawrence Counties may be from trapped connate water that is more saline or that has not been flushed by Pleistocene meltwater or more recent recharge. More porous and permeable sections of Devonian and Silurian carbonate bedrock possibly indicate increased flushing by fresher water.
Water with dissolved-solids concentrations lower than expected (when following the trend downdip) in southwestern Indiana also may be due to proximity to the Mt. Carmel Fault and ground-water flow ' through localized zones of high horizontal permeability within the Silurian and Devonian carbonate-rock aquifer. A lack of data for Devonian aquifers in these anomalous areas precludes making any definite conclusions. Clearly, more research focused on these anomalous areas is needed. Table   Table 1 . Well data and dissolved-solids concentrations of ground water in wells used to approximate the location of the 10,000-milligram-per-liter dissolved-solids boundary in the Silurian and Devonian carbonate-rock aquifer, southwestern and northern Indiana Continued 
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